Ice streams play a major role in the ice mass balance and in the reckoning of the global sea level; they have therefore been object of wide scientific interest in the last three decades. During the 21st Italian Antarctic Expedition, in the austral summer 2005-06, we deployed a joint seismographic and geodetic network in the area of the David Glacier, Southern Victoria Land.
Introduction
Ice streams are the fast flowing channels through which polar sheets pour ice into surrounding oceans and influence their mass balance, thermal regime and circulation with evident consequences on large-scale climate changes, since global sea level is basically regulated by mass variations in Greenland and Antarctic ice sheets. From mass balance studies it has been inferred and generally accepted that the complete melt of polar ice would potentially result in a dramatic sea level rise (about 70m) [Rignot and Thomas, 2002; Alley et al., 2005] .
One fundamental grasp of the past 30 years is that the response of polar ice sheets to climate changes is far from being slow and steady; on the contrary ice sheets are extremely sensitive to global warming, with rapid dynamic feedback on ice flow and consequent pronounced variations in mass balance. For this reason, the understanding of ice stream mechanics and the measurement of flow variations are valid gateways towards the study of ice sheet (and climatic) stability.
The David Glacier and the Drygalski Ice Tongue (its 100km-long floating seaward extension) represent the main structure of the very complex drainage system of the Victoria Land area. The glacier has two main tributaries, flowing from DomeC and Talos Dome, which converge downstream of the grounding line, after a remarkable icefall due to a subglacial ridge crossing the ice flow and after a large basin called David Cauldron (Figure 1 ).
Several glaciological studies have been done over the last decades to detect the grounding line location and to study the floating ice tongue profile. The grounding line was initially thought at the mouth of the glacier bay, then it was revised further upstream at the David Cauldron and finally it was positioned 15 km upstream following the results of InSAR observations [Frezzotti, 1993; Frezzotti et al., 2000; Rignot, 2002] .
At the grounding line, the glacier base is about 3 km below the sea level and loses 68% of its mass from bottom melting within 20 km of the grounding line, driving an up-welling of "super- The target of the experiment is the study of possible correlations between vertical/horizontal displacements of the glacier and the weak typical seismic activity inland beneath the glacier.
Location of seismographic and geodetic stations operating in the David area are listed in Table 1 and shown in Figure 1 (stars and circles respectively).
The Global Navigation Satellite System (GNSS) takes advantage of satellite positioning techniques to provide accurate positioning information with reliable time reference.
It has been shown that the use of GNSS instrumentations can be very useful for the measurement of glaciers movements [Hulbe and Whillans, 1994; Frezzotti et al., 1998 ] and it is one of the most reliable methods to monitor the position of selected points located on a glacier with high precision. Moving glaciers can also be monitored in a seismological perspective.
Seismic signals related to glacier motion have been observed since early 70s [Neave and Savage, 1970; Van Wormer and Berg, 1973] obtaining increasing interest over the last decades among the scientific communities. Actually, seismic activity originated beneath fast flowing ice streams has been recorded both in Greenland and in Antarctica with fairly different characteristics. From the study of surface seismic waves, Ekström et al. [2003 Ekström et al. [ , 2006a Ekström et al. [ , 2006b have identified a number of glacier-related earthquakes, with magnitude higher than 4.5 that can be modelled with glacial-sliding slips mainly located beneath flowing glaciers. They have observed a remarkable increase in the number of such events between 2002 and 2005 as a consequence of significant changes in the glacial flow owing to late global warming. Differently then in Greenland, in Antarctica low-magnitude seismicity is most commonly recorded and located beneath ice streams either associated with repeating stress release across small sticky patches or basal drag regime [Bahr and Rundle, 1996, Alley, 2000; Smith, 2006] .
Seismological Campaign

Data Collection and Analysis
The best-studied system of Antarctic ice streams is located in the Siple Coast, the western coast After data retrieval and detection of seismic episodes with trigger algorithms, we identified more than 10000 low energy events distributed on three main classes.
The array successfully recorded teleseismic signals, mainly originated along the peri-Antarctic spreading oceanic ridges.
Then, we principally recorded episodes originating within the ice layer that we call icequakes hereinafter. Their seismic signal is strongly impulsive, short in duration, rich in high frequencies and rapidly attenuating ( 
Upstream events
The UP-N and UP-S clusters count together 74 events occurring sparsely at the top of the icefall, in correspondence of the area where the ice flows fast (more than 500 m/y from Frezzotti et al.,
1998), the bedrock topography drops 300-400 m and the mean slope is around 60%-80% [Rignot, 2002] .
Following the procedure explained in DBM07, we found the Mw magnitude for all the events as shown in Figure 6 where orange and green bars represent the magnitude distribution vs. event Changes in topography have a major influence on glacier dynamics, as the basal shear stress at the glacier bed b depends on both ice thickness h and surface slope as b = gh sin , where is the density of ice and g is gravity.
The coupling between a moving glacier and its bedrock is generally a highly non linear problem with basal shear stress depending upon ice plastic properties, till deformation, characteristics of sediments beneath the till, basal melt rate, basal topography and roughness at the ice-till interface.
Nevertheless, if we assume a remarkable effect of abrasion over the bedrock at the top of the icefall, owing to the steep slope and the fast sliding flow, we can neglect the sediments and their deformation and expect the movement of a lubricated glacier on the bedrock will be primarily controlled by ice deformation.
Provided realistic values for parameters involved in the equation, the basal shear stress at the ice-rock interface is:
where:
= 917 kg m -3 , g= 9.81 m s -2 , h= 500 m, sin 0.5.
An increase in basal shear stress may result in further formation of melt-water at the interface and may favour sliding speed, eventually causing a partial decoupling of the glacier from the bed. On the other hand, obstacles distributed on the bedrock will experience higher drag forces and may originate stick-slip seismic episodes.
Downstream events
75 epicentres in the DW cluster occurred in an extremely tight cluster of less than 2 km 2 , where glacier likely deviates its flow forced by the presence of topographic boundary ( Figure 5 ).
Cross-correlations between waveforms for event pairs above 0.95 [DBM07] indicate extremely small separations between the hypocentres and impressing similarity in waveforms ( Figure 7 ).
Moment magnitudes Mw are plotted in Figure 6 with red bars revealing a Gaussian-like frequency distribution centred at Mw 1.4.
The extremely high similarity of hypocentres, waveforms and magnitudes for DW events, implies that the source process cannot be purely ascribed to the sliding friction on the bedrock, but rather suggests the presence of an asperity on the ice-bedrock interface, that repeatedly breaks with a characteristic length.
An isolated asperity, resistant to the ice flow and acting as a sticky-spot, would account for local higher concentration of shear stress and occurrences of recurring, almost identical, episodes.
Our estimate of the cumulated slip provided by the DW events over a full year would be in the order of 16m [DBM07] representing no more than 2.5% of the annual glacier motion inferred from GPS measurements. Therefore, the basic process by which the flow moves past the asperity is not the seismic slip but its plastic ice deformation around the obstacle. Episodically, the DW patch experiences brittle failure and, when it slips seismically, the seismic episode is always associated with the same energy and characteristic length.
Interestingly, none of the events recorded during the 2005-06 campaign (green stars in Figure 5) was located in the area of the DW cluster, suggesting that the sticky-spot would be no longer active either due to the possible abrasion and smoothing of the patch or to higher basal lubrication.
In the latter case, we might expect an increasing flow speed with respect to previous horizontal velocity observations. GPS data collected in the David Cauldron (site ICF1 in Figure 1 The two measures cannot be directly compared because the glacier traces a sharp S-shaped turn between ICF1 and Da4 but we can reasonably think that the flow will reduce its speed before bending and will slowly accelerate again after the corner. Bearing in mind that it is not possible to correlate the two measures exactly, the essential point at this level is their compatibility.
GPS Campaign
In order to follow the kinematics of the David-Drygalski, two temporary GPS geodetic stations were installed on the glacier at points ICF1 and DRY1 (Figure 1 We used dual frequency Trimble5700 GPS receivers equipped with Zephyr and Zephyr Geodetic antennas and 1Gb removable memory cards; each antenna was tightened to the head of an aluminium pole (well driven into the ice) and acquisition parameters were set with measurement rate 15 s, elevation mask 13° and daily sessions (Figure 2b ).
The equipment was prepared to operate continuously, using solar energy for battery charging.
The first point (ICF1) was installed at the bottom of the icefall, as close as possible to the epicentral area of the DW cluster of earthquakes previously described, compatibly with severe crevassing; the second point (DRY1) was installed on the floating ice tongues at the bottom of Hughes Bluff outcrop (red circles in Figure 1 ).
As primary master station for the kinematic processing, a GPS receiver was installed on a 3-D benchmark fixed into the rocky outcrop Hughes Bluff, but in order to insert the measurements within the International Terrestrial Reference Frame (ITRF2000), we also used simultaneous GPS acquisitions from the GPS permanent station located at the Mario Zucchelli Station (TNB1).
Kinematic GPS is a satellite-based relative survey method that allows for the evaluation of a moving receiver trajectory with respect to a reference station. Using this method, accuracies in a range of few centimetres in relative positioning are achievable. In a classical carrier phase differenced approach, positioning reliability is mainly related to the correct setting of unknown phase ambiguities as integer numbers. Therefore the problem of the area coverage is related to ambiguity resolution, which is typically possible in the range of limited distances (generally speaking 15-30 km) from a reference station. On wider ranges the solution becomes more disturbed owing to the de-correlation of systematic effects in the GPS measurements and particularly at high latitudes, where the presence of large ionospheric activities causes significant scintillation effects on the GPS signal.
The Drygalski Ice Tongue fluctuates forced by the Ross Sea tide. One of our goals was the investigation on the effect of the ocean tide on the ice tongue vertical and horizontal movements.
Unfortunately, we couldn t observe any direct correlation between tidal forcing and seismic occurrences because we didn t registered any earthquake in the DW area during the GPS
campaign. In the data analysis process we computed site positions by means of RINEX format (Receiver INdependent Exchange) data files and precise ephemeris post-calculated by the IGS (International GNSS Service) using global data.
In the last version (1.15) of TRACK, a tool for antenna phase-centre mapping has been implemented so that the software is also able to read the file of absolute calibration (e.g.
igs05_1402.atx). TRACK allows for the use of different strategies of analysis depending on the site distance from the reference master station. In our case, the length of the baselines is about 100 Km and the differential ionospheric and tropospheric delays are very high. For this reason, the software uses a floating-point estimate technique and ionospheric delay constraint to LC observable (the Melbourne-Webbena linear combination is often used to resolve L1-L2 ambiguities and several different approaches to determine L1 and L2 cycles separately).
In Figure 8 we report the comparison between vertical components derived by GPS kinematic solutions (computed every 15 s) at points ICF1 and DRY1 and the predicted ocean tide values, computed in the same period adopting the 26 harmonic constants estimated at MZS.
The vertical motion at point DRY1 with periodic undulations up to 70cm (Figure 8 
Discussion and Conclusions
The deployment of seismographic and geodetic temporary stations around the David Glacier allowed us to collect simultaneous time series of data and to analyze them jointly.
Low-magnitude seismic occurrences at the ice-bedrock interface are common, but high concentration of shear stress is purely due to basal friction or to the presence of bedrock asperities acting as sticky-spots. In fact, epicentres are either spread at the top of the icefall (where the mean slope is around 60%-80%) or focused in small clusters, which would reveal the presence of basal patches. Nevertheless, isolated asperities would not affect significantly the stability of the ice stream, but rather sliding, creeping and basal deformations would account for most of the glacier motion.
GPS observations at the two sites placed after the icefall reveal that both vertical and horizontal glacier displacements are largely forced by the Ross Sea tides. Unfortunately, none of the events occurring during the GPS campaign were located in the same area, so we couldn t verify possible correlations between the tide and the seismic triggering.
As expected, the vertical motion of the floating tongue (site DRY1) is wholly correlated, in phase and amplitude, with the predicted tide (Figure 8 ). On the contrary, the major movement at ICF1 is descendent with only moderate oscillations, so we can infer that the glacier is still anchored at the bedrock in that point, upstream of the grounding line.
Interestingly, the dominant diurnal ocean tide also regulates horizontal velocities of the ice stream with a clear temporal variation correlated with the spring-to-neap tidal cycle ( Figure 9 ).
Longitudinal perturbations propagate rapidly over large distances, a conclusion that is supported Tables   Table 1 Position and operativeness of GPS receivers and seismographic stations used in this study. 
